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Epitope mapping and kinetics of 
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Pneumonia virus of mice (PVM) infection has been widely used as a rodent model to study the closely 
related human respiratory syncytial virus (hRSV). While T cells are indispensable for viral clearance, 
they also contribute to immunopathology. To gain more insight into mechanistic details, novel tools 
are needed that allow to study virus-specific T cells in C57BL/6 mice as the majority of transgenic 
mice are only available on this background. While PVM-specific CD8 T cell epitopes were recently 
described, so far no PVM-specific CD4 T cell epitopes have been identified within the C57BL/6 strain. 
Therefore, we set out to map H2-IAb-restricted epitopes along the PVM proteome. By means of in silico 
prediction and subsequent functional validation, we were able to identify a MHCII-restricted CD4 T 
cell epitope, corresponding to amino acids 37–47 in the PVM matrix protein (M37–47). Using this newly 
identified MHCII-restricted M37–47 epitope and a previously described MHCI-restricted N339–347 epitope, 
we generated peptide-loaded MHCII and MHCI tetramers and characterized the dynamics of virus-
specific CD4 and CD8 T cell responses in vivo. The findings of this study can provide a basis for detailed 
investigation of T cell-mediated immune responses to PVM in a variety of genetically modified C57BL/6 
mice.
Pneumoviruses were formerly assigned to the paramyxoviral subfamily Pneumovirinae, but following a recent 
taxonomy update this subfamily was elevated to family status (the family of Pneumoviridae), and the genus 
Pneumovirus was renamed to Orthopneumovirus1. Members of the Pneumoviridae, are enveloped viruses with 
negative-sense non-segmented RNA genomes. Closely related Orthopneumoviruses, such as human respiratory 
syncytial virus (hRSV), bovine respiratory syncytial virus (bRSV) and pneumonia virus of mice (PVM) are highly 
species-specific and can cause severe respiratory infections in their natural hosts2. Among these, hRSV is one of 
the leading causes of airway morbidity and infant hospitalization worldwide. Therefore, modeling hRSV disease 
in vivo is a crucial first step in the further understanding of antiviral immune responses and the development of 
novel therapies and preventive measures against RSV pathogenesis. So far, most studies have relied on the use of 
hRSV itself to infect inbred laboratory mouse strains, particularly BALB/c, to unravel different aspects of RSV 
pathology3, 4. However, as pneumoviruses display a narrow host range, human RSV does not replicate robustly 
in murine tissue and inadequately reproduces specific features of human RSV disease in mice2, 4, 5. More recently, 
infection of mice with PVM, the natural rodent-specific variant of hRSV, has been proposed as an alternative 
experimental model for human RSV infection6. PVM and hRSV display marked genomic similarity, as every 
hRSV viral protein has a counterpart in PVM even though direct sequence homology is limited7. More impor-
tantly, the PVM infection model accurately mimics many of the clinical and pathological hallmarks of RSV dis-
ease in human infants2, 4.
Even though RSV replicates poorly in mice, several groups have extensively studied many aspects of T cell 
biology using various approaches to induce hRSV-driven disease. Overall, these studies have revealed that T cells 
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contribute to viral clearance, but are also the main drivers of immunopathology8–12. Because of this apparent dual 
role, T cell responses have also been evaluated in the PVM model. A comprehensive study by Frey and colleagues 
illustrated a key role for both CD4 and CD8 T cells in virus control and induction of PVM-mediated disease13. 
In the context of CD4 T cell responses, it was demonstrated that IL21R KO mice survive longer in response to 
PVM infection, suggesting that activated CD4 T cells, the main producers of IL21, may contribute to pathology14. 
Adoptive transfer studies and peptide-immunization studies have revealed that as well as their contribution to 
immunopathology during primary infection, T cells can also provide protection against severe PVM-induced dis-
ease15, 16. Overall, these studies suggest the existence of a tight balance between beneficial and detrimental effects 
caused by T cells during pneumovirus infection, however, underlying molecular mechanisms remain elusive.
The PVM infection model is well-accepted for studying severe RSV-induced disease, however insufficient tools 
are currently in place to study T cell responses in great detail. While hRSV- or PVM- specific T cell epitopes have 
been described particularly for BALB/c (H2d) mice, most transgenic and knockout mice are primarily available 
on a C57BL/6 (H2b) background15, 17–19. Recently, Walsh and colleagues identified PVM-specific H2b-restricted 
CD8 T cell epitopes in C57BL/6 mice20. However, so far, no PVM-specific CD4 T cell epitopes have been identi-
fied in the context of PVM-infected C57BL/6 mice. While T cell kinetics during pulmonary PVM infection have 
been described in response to PVM strain J3666 in BALB/c mice16 and PVM strain 15 in C57BL/6 mice13, to our 
knowledge a detailed kinetic documentation of both CD4 and CD8 T cell responses against PVM strain J3666 
is currently lacking in C57BL/6 mice. Therefore, the aim of this study was to map CD4 T cell epitopes along the 
PVM proteome and determine the dynamics of the PVM-specific CD4 and CD8 T cell response following PVM 
infection in C57BL/6 mice.
Results
Clinical features of disease manifestation and T cell dynamics in response to PVM J3666 infec-
tion in C57BL/6 mice. Two well-characterized strains of PVM, strain 15 and strain J3666, are commonly 
used for research purposes7, 21–23. To investigate the T cell response during PVM disease, we administered a 
sub-lethal dose of PVM strain J3666 intratracheally (i.t) to C57BL/6 mice and weight loss was monitored as a 
clinical measure for disease (Fig. 1a). Mice started to gradually lose body weight at day 7 post-infection (pi), with 
a maximal weight loss of approximately 15% around 10–11 days pi. All mice had recovered from disease around 
14 days pi. Viral load was assessed by means of qRT-PCR on lung tissue and virus RNA was first detectable from 
day 6 pi onwards, with a peak around day 8 pi. This was followed by a phase of viral clearance and virus RNA was 
no longer detected by day 14 pi. The kinetics of weight loss and the viral load determined by qRT-PCR was the 
same as that described by Frey et al. using an infectious virus assay in the analysis of the role of T cells in PVM dis-
ease, with the peak of viral load seen at day 8 pi and the peak of PVM-induced weight loss being most pronounced 
during the phase of virus elimination (Fig. 1a). Finally, PVM-specific antibodies in the serum were detectable at 
day 10 pi and reached maximal titers around 14 days pi, when mice had recovered from disease (Fig. 1a–b).
We used this model to explore the dynamics of the CD4 and CD8 T cell responses upon primary infection, 
both at the site of infection (i.e. lung) and the draining mediastinal lymph node (MLN). The gating strategy used 
to define CD4 and CD8 T cell populations is depicted in Supplementary Fig. S1. The influx of both CD4 and CD8 
T cells in the lung occurred between day 10 and 14 pi, albeit higher numbers of CD8 T cells were detected (Fig. 1c, 
upper panels). A similar course was observed for total numbers of CD4 and CD8 T cells in the bronchoalveolar 
lavage (BAL) (Supplementary Fig. S1). In the MLN, expansion of the CD4 and CD8 T cell populations started 
around day 7–8 pi and numbers were still rising at day 18 pi (Fig. 1c, lower panels). Recruitment of activated 
effector T cells within lung infiltrates was determined by CD44 expression24. The relative proportions of both 
CD44+ effector CD4 and CD8 T cells in the airways of PVM-infected mice started to increase at day 8 pi. From 
day 14 pi onwards, approximately 85% of CD8 T cells and 60% of CD4 T cells in the lung expressed high levels 
of CD44. In contrast, the relative proportions of CD44+ effector T cells in the MLN did not change substantially 
during the course of infection (Fig. 1d and Supplementary Fig. S1). Thus, activated effector T cells were recruited 
to the airways of PVM-infected mice around day 8 and reached maximal levels between day 10 to 14 pi.
In silico prediction of MHCII-restricted PVM epitopes. Having characterized the general T cell 
responses upon PVM infection, we next aimed to study virus-specific T cell dynamics. Walsh and colleagues 
recently identified MHCI-restricted T cell epitopes in PVM-infected C57BL/6 mice, however, MHCII-restricted 
T helper epitopes have not yet been described in the C57BL/6 context. To identify novel PVM-specific CD4 T cell 
epitopes, the amino acid sequence of the PVM strain J3666 proteome was screened for peptides with the potential 
for high MHCII-binding affinity using the Immune Epitope Database (IEDB) and analysis resource Consensus 
tool25, 26. From the output of the online algorithm, the 2 highest-ranked non-overlapping peptides were selected 
for each of the 12 viral PVM proteins. Based on these criteria, a set of 24 predicted peptide sequences was 
obtained, which was evenly distributed along the PVM genome as summarized in Table 1.
Identification of a novel MHCII-restricted PVM epitope M37–47. Next, this panel of 24 predicted 
IAb-restricted PVM epitopes was validated for their capacity to stimulate CD4 or CD8 T cells isolated from 
PVM-infected mice. C57BL/6 mice were i.t. infected with a sub-lethal dose of PVM J3666 and sacrificed at 14 
days pi, at the time of maximal CD4 T cell recruitment to the airways (Fig. 1c). BAL and lung single-cell suspen-
sions were restimulated ex vivo with each of the predicted MHCII-restricted PVM epitopes and cytokine produc-
tion by T cells was evaluated by intracellular staining, using flow cytometry (Fig. 2a). To determine background 
cytokine production, we also restimulated cells without peptide, with an irrelevant MHCII-restricted Derp1128–149 
peptide27 or with a known MHCI-restricted N339–347 epitope20. Of the 24 peptides tested, only the M33–47 peptide 
potently induced IFNγ production above background in CD4 T cells isolated from both lung and BAL (Fig. 2b,c). 
In the lungs, 0.3–0.5% of total pulmonary CD4 T cells responded to peptide M33–47, while in the BAL this was 
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about 9–10% of total CD4 T cells, although background IFNγ levels were also higher in BAL compared to lung 
(Fig. 2b,c). IFNγ+ CD4 T cells expressed high levels of CD44, consistent with an activated state (Fig. 2c). We also 
assessed TNFα production by CD4 T cells and observed a similar cytokine pattern in response to the same panel 
of predicted peptides (Supplementary Fig. S2). Of note, CD8 T cells in the same cultures did not respond to any 
of the peptides summarized in Table 1, except to peptide NP333–347 (Supplementary Fig. S2), which included the 
GAPRNRELF sequence of the MHCI-restricted N339–347 epitope20.
For the development of MHCII tetramers, it was important to exclude that multiple binding registers 
existed within the M33–47 peptide sequence. To verify this, we used another IAb peptide prediction algorithm28. 
Unexpectedly, we identified two overlapping epitopes within the M33–47 peptide sequence. In the context of 
MCHII tetramer design, it was essential to identify the core sequence of the M33–47 peptide. The reason for this is 
that the MHCII:peptide binding is flexible and anchorless. When a tetramer is generated using a peptide that con-
tains overlapping epitopes, the MHCII molecules might display the peptide in different registers. Such a tetramer 
could thus consist of different epitope arms, which would reduce the effectiveness of the tetramer staining because 
of the loss of avidity. We therefore set-out to further identify the most potent core sequence within this immu-
nodominant epitope. Cells isolated from PVM-infected mice were restimulated with two overlapping 11-mer 
peptides, M33–43 (TVWIPMFQTSL) and M37–47 (PMFQTSLPKNS), covering the initially identified 15-mer M33–47 
sequence (TVWIPMFQTSLPKNS). Both in lung and BAL, only M37–47 elicited a robust IFNγ and TNFα response 
in CD4 T cells, albeit slightly less efficient than the full length M33–47, which most likely can be explained by the 
presence of multiple binding registers that activate a mixed pool of T cells (Fig. 2d). Again, no significant cytokine 
Figure 1. Weight change kinetics, viral load and dynamics of T cell responses in PVM-infected mice. 8 week 
old C57BL/6 females were infected i.t. with a sub-lethal dose of PVM strain J3666 and sacrificed at the indicated 
days post-infection. (a) Weight change and viral load kinetics. Open gray squares depict percentage difference 
in mean weight relative to day 0 as depicted by the dotted line (n = 5). Filled dots show expression levels of the 
PVM SH gene relative to L27 as determined by qRT-PCR on lung tissue (n = 3–9 per time point). (b) Percentage 
weight loss (described in a; open squares) and levels of PVM-specific antibodies in serum (filled squares; n = 4 
per time point), represented as the absorbance index relative to a positive control. (c) Absolute numbers of CD4 
(orange) and CD8 (blue) T cells in the lung and MLN, as determined by flow cytometry (n = 5 per time point). 
Gating strategy, see Supplementary Fig. S1. (d) Frequency of CD44+ T cells in lung and MLN as percentage of 
total CD4 (orange) or CD8 (blue) T cells (n = 5 per time point). All results are shown as mean ± SEM and are 
representative of two (a and b) or three (c and d) independent experiments. SH, small hydrophobic protein; 
L27, ribosomal protein L27; MLN, mediastinal lymph node.
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production was detected in CD8 T cells from the same culture (data not shown). Overall, these data demonstrate 
that the M37–47 peptide is an IAb-restricted PVM epitope that is specifically recognized by CD4 T cells from 
PVM-infected C57BL/6 mice.
Kinetics of PVM-specific CD4 and CD8 T cell responses in C57BL/6 mice. To characterize 
the dynamics of PVM-specific CD4 and CD8 T cell responses in C57BL/6 mice using our newly identified 
MHCII-restricted M37–47 epitope and the previously described MHCI-restricted N339–347 epitope20, we gener-
ated peptide-loaded MHCII and MHCI tetramers, which allowed us to track virus-specific CD4 and CD8 T 
cell responses in vivo. Following PVM infection, M37–47-specific CD4 T cells in the lung were detectable at low 
levels at day 10 pi, reached a maximum of 1.8% on average among the total CD4 T cell pool at day 14 pi and 
declined again by day 18 pi. The N339–347-specific CD8 T cells exhibited a marked infiltration from day 10 pi 
onwards, representing up to 19.6% on average of all CD8 T cells at the peak of disease severity, and then gradu-
ally decreased (Fig. 3a,b). In Fig. 3B this is also illustrated as total numbers of tetramer-positive CD4 or CD8 T 
cells. Virus-specific CD4 and CD8 T cells displayed high expression levels of CD44 compared to the total CD4 
and CD8 T cell pool, suggesting that they exhibit critical effector functions during the course of PVM infection 
(Fig. 3c). Staining of the PVM-specific M37–47 MHCII tetramer was virus-specific as CD4 T cells isolated from the 
airways of Influenza virus strain X31-infected mice did not show increased tetramer staining neither at day 14 
(peak PVM CD4 T cell response), nor at day 8 (marked CD8 and CD4 T cell response against Influenza29), even 
though NP366–374 MHCI tetramer-positive Influenza-specific CD8 T cells30 were clearly detectable at both time 
points (Supplementary Fig. S3). From these data, we conclude that the modest appearance of M37–47-specific CD4 
T cells in the airways from day 10 pi onwards is slightly delayed compared to the marked influx of N339–347-specific 
CD8 T cells at that same time point.
Discussion
There is growing interest in the use of the natural mouse pathogen PVM to mimic and study severe pneumo-
virus disease. T cells play a key role in both pneumovirus clearance and disease induction, but there is a lack of 
tools to study T cell responses in great detail in C57BL/6 mice, which limits the use of genetically modified mice 
derived from this lineage. We therefore set out to identify a PVM-specific CD4 T cell epitope in C57BL/6 mice. 
By means of in silico prediction and subsequent functional validation, we were able to reveal an IAb-restricted 
Peptide sequence Protein1
Position Percentile 
rank2Start End
CNLLRPFVQAAKFIH NS1 57 71 15,14
QTLTHWFTKNIVFSS NS1 77 91 18,73
MNKFTQTISKPATIL NS2 5 19 4,62
LLIEKFQPSLQNITR NS2 49 63 6,43
IIGSYKGAPRNRELF NP 333 347 9,68
VEGLFSGLFMNAYGA NP 239 253 10,75
TIMVATAGPTTARDE P 198 212 1
LRSSFKLPSPRVAAN P 51 65 1,52
LLQILLNPLLPLPLH P2 22 36 5
LTIRNTARSHAAQMI P2 64 78 6,87
PKNMLYTVPSITPTN M 122 136 1,89
TVWIPMFQTSLPKNS* M 33 47 4,95
CTVHPNHPPPSYGVN SH 64 78 4,4
QKLSFNKPQARQLYP SH 98 112 8,59
MGRNFEVSGSITNLN G 1 15 2,16
TIPRFTKPPTKTATH G 94 108 4,44
LVIFNTKPIHPNTLT F 11 25 5,18
ISTSKTYVSTAVLTT F 358 372 6,99
KYSHKYWEWPLKTLM M2-1 21 35 11,73
NRIYRFLDTNTDAMS M2-1 43 57 15,75
NLTYDGSGPSTIIDA M2-2 44 58 0,65
MIRLPKYYPAILHKM M2-2 22 36 7,14
QHMFLPNHITPAQYI L 1378 1392 2,02
VPMQFGGADPNVIYR L 926 940 2,54
Table 1. Predicted MHCII-restricted PVM epitopes. 1PVM proteins: Non-structural protein (NS1 and 2), 
Nucleoprotein (NP), Phosphoprotein (P, P2), Matrix protein (M, M2-1, M2-2), Small hydrophobic protein (SH), 
Attachment glycoprotein (G), Fusion protein (F), RNA polymerase (L). 2The MHCII binding predictions were 
performed using the IEDB analysis source Consensus tool. The lower the percentile rank, the better the binders. 
*Shows 100% homology to PVM strain 15; the underlined region delineates the core epitope M37–47, contained 
within the M33–47 sequence.
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epitope, corresponding to amino acids 37-47 at the N-terminal end of the PVM matrix protein. According to 
published sequences, the M37–47 epitope PMFQTSLPKNS is completely conserved in both PVM strain J3666 and 
strain 157, 31. In comparison, IAb-restricted CD4 T cell epitopes in the RSV proteome have also been mapped to 
the M protein (M213–223), as well as to the M2 (M227–37) and G protein (G168–185)32–35. We demonstrated that the 
M37–47 peptide exclusively stimulated virus-specific CD4 T cells, and not CD8 T cells, and induced IFNγ pro-
duction in 0.2-0.3% of total CD4 T cells in the lungs. This is equivalent to the range obtained from hRSV CD4 
Figure 2. Identification of MHCII-restricted PVM epitopes recognized by CD4 T cells from PVM-infected 
mice. 8 week old C57BL/6 females were infected i.t. with a sub-lethal dose of PVM strain J3666 and sacrificed 
14 days later. BAL and lung single-cell suspensions were restimulated for 6 h in the presence of Golgistop 
and PVM-specific peptides. T cells were evaluated for cytokine production by intracellular staining and flow 
cytometry analysis. (a) Schematic overview of the experimental setup and gating strategy to identify CD4 
and CD8 T cell populations in BAL and Lung. (b–d) IFNγ or TNFα production by CD4 T cells, isolated from 
lung or BAL, after incubation with each of the predicted MHCII-restricted PVM peptides enlisted in Table 1. 
As negative controls, cells were incubated without peptide, with an irrelevant Derp1 CD4 peptide27, or with 
a MHCI-restricted PVM N339–347 peptide20 and are shown in gray. (b) IFNγ production by CD4 T cells in 
BAL and Lung. Data are depicted as frequency of IFNγ-producing cells among total CD4 T cells. (c) Left, 
representative FACS plots (gated on CD4+ cells) show the percentage of IFNγ+ CD4 T cells in response to 
restimulation with or without M33–47 peptide. Right, Histogram overlays depict CD44 expression levels of total 
CD4+ and gated IFNγ+ CD4+ populations (marked orange in left panel) following restimulation with M33–47 
peptide. Data are normalized to and depicted as the percentage of the maximum count (% of max on the Y 
axis). (d) IFNγ and TNFα production by CD4 T cells following restimulation with M33–47, M33–43, or M37–47. 
Results are shown as mean ± SEM from three biological replicates. For each biological replicate 10 mice were 
pooled to obtain sufficient cell numbers for epitope screening. Data are representative of two independent 
experiments. For statistics, conditions restimulated with peptide were compared to the no-peptide control (b, 
Student’s t test with Welch correction) or the M33–47 peptide (d, ANOVA for multiple comparisons) as indicated. 
BAL, bronchoalveolar lavage; IFNγ, interferon gamma; TNFα, tumor necrosis factor alpha; MHCI/II, major 
histocompatibility complex class I or II; Derp1, Dermatophagoides pteronyssinus peptidase 1; Irr, irrelevant; ns, 
not significant.
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epitope mapping studies in C57BL/632. Although we did not perform direct comparisons in the same mice, we 
observed that the frequencies of IFNγ+ CD4 T cells after M37–47 peptide stimulation were consistently lower than 
frequencies identified by MHCII tetramers loaded with the same peptide. A possible explanation is that some of 
the antigen-specific T cells produce cytokines other than IFNγ and TNFα or maybe T cell exhaustion occurs36. 
On the other hand, this observation might also resemble the so-called functional inactivation phenotype that has 
been described for CD8 T cells upon hRSV and simian virus 5 infection17, 37–39. It is tempting to speculate that 
viruses from the Pneumoviridae and Paramyxoviridae families functionally inactivate all T cell subsets, though 
more studies are needed to address this in detail.
In this work, MHCII binding predictions for each major PVM protein were performed by means of the IEDB 
analysis resource tool. However, because of the less strict binding requirements and the limited predictive value 
of MHCII motifs, this in silico approach may lead to an overall lower prediction accuracy compared to MHCI 
binding predictions26, 40. No direct correlation between the IEDB-predicted percentile ranks and the percentage 
of IFNγ+ T cells elicited by each of these peptides was observed (Table 1). For instance, the top hit M2-244–58 pep-
tide, as reflected by a low percentile rank of 0.65, did not elicit any response in our functional screen. In contrast, 
The M33–47 epitope only had a moderate percentile rank of 4.95 but induced solid CD4-specific T cell responses 
(Fig. 2b). As we have tested only 24 peptides (the 2 highest-ranked non-overlapping peptides for each of the 12 
viral proteins) it is possible that the lower-ranked IEDB-predicted epitopes may harbor additional CD4 epitopes. 
Likewise, we cannot exclude that other peptide epitopes exist that are not predicted by the IEDB algorithm, as 
was shown for hRSV18.
Figure 3. In vivo characterization of the virus-specific CD4 and CD8 T cell response in PVM-infected mice. 
7 week old C57BL/6 females were infected i.t. with a sub-lethal dose of PVM strain J3666 or were used as 
uninfected controls (day 0). At the indicated time points post-infection, virus-specific CD4 and CD8 T cells in 
the lung were identified by flow cytometry, using M37–47 and N339–347 peptide-loaded MHC class II and MHC 
class I tetramers. (a) Representative FACS plots of manually gated CD4 T cells (upper panels) or CD8 T cells 
(lower panels) show percentages of M37–47-tetramer+ CD4 T cells or N339–347-tetramer+ CD8 T cells (respectively 
marked orange or blue at 14 dpi). (b) Absolute numbers of M37–47-tetramer+ CD4 T cells (left panel) or 
N339–347-tetramer+ CD8 T cells (right panel). Results are shown as mean ± SEM, each data point represents one 
individual mouse (n = 4). (c) Histogram overlays show CD44 expression of total CD4 or CD8 T cells versus their 
respective tetramer+ populations at day 14 post-infection. M37–47-tetramer+ CD4 T cells and N339–347-tetramer+ 
CD8+ T cells, marked orange and blue, are gated as shown in (a). Data are normalized to and depicted as the 
percentage of the maximum count (% of max on the Y axis). Data are representative of three independent 
experiments. For statistics (Student’s t test with Welch correction), PVM-infected mice were compared to non-
infected controls (day 0) as indicated.
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In addition to the identification of an IAb-restricted epitope, we also performed a comprehensive kinetic anal-
ysis for both CD4 and CD8 T cell responses against PVM strain J3666 in C57BL/6 mice, which to the best of our 
knowledge was lacking at the time. We showed that acute PVM infection in C57BL/6 mice is associated with a 
large influx of activated CD4 and CD8 T cells in the lung and BAL from day 10 pi onwards, coinciding with the 
phase of virus elimination (Fig. 1a and Supplementary Fig. S1). Another study in C57BL/6 mice describes the 
appearance of total CD3 T cells in the alveolar space as soon as day 8 pi13. However, it should be noted that PVM 
strain 15 was used, which might explain the slight difference in kinetics. Also, in the BALB/c model, van Helden 
and colleagues describe a marked influx of CD8 T cells from day 10 onwards following PVM J3666 infection, 
similar to what we observe in C57BL/6 mice16. Together, these data suggest that the PVM virus induced a strong 
antiviral T cell response and as such might indeed play a dual role in both viral clearance and PVM-induced 
immunopathology as was demonstrated by others13, 16. Using the newly identified MHCII-restricted M37–47 
epitope and the previously described MHCI-restricted N339–347 epitope, we generated fluorochrome-conjugated 
MHCII and MHCI tetramers, allowing us to track PVM-specific CD4 and CD8 T cells, respectively. We showed 
that the appearance of M37–47-specific CD4 T cells in the airways was slightly delayed compared to N339–347-specific 
CD8 T cells, though we currently do not know if this is a general feature for all PVM-derived epitope-specific 
CD4 versus CD8 T cell responses.
To conclude, this is the first study that demonstrates a detailed kinetic analysis of both CD4 and CD8 T cell 
responses against PVM strain J3666 in infected C57BL/6 mice. Moreover, the M37–47 MHCII-restricted epitope 
identified in this work, provided the basis for the development of fluorescently-labeled MHCII-peptide tetramers 
that serve as valuable tools to track PVM-specific T cells during the course of infection. Such tools will facilitate 
more detailed investigations of T-cell mediated immune responses to PVM in a variety of genetically modified 
C57BL/6 mice. In this respect, the use of the PVM model in general holds great promise to improve our under-
standing of pneumovirus-associated disease and may assist in the development of peptide-based vaccines and 
other novel prevention strategies.
Methods
Mice, virus stock and infection. Mouse-passaged stocks of PVM strain J3666 were grown as described23. 
Age-matched 7-9 week old female C57BL/6 mice were purchased from Janvier (Saint-Berthevin, France), anes-
thetized with isoflurane (2 l/min, 2-3%) and then infected intratracheally with a previously in vivo titrated sub-le-
thal dose of PVM in 80 µl PBS. Infections were performed intratracheally instead of the standard intranasally 
(i.n.) procedure in order to minimize variations. We did not observe any differences in disease severity (e.g. 
weight loss) between i.t. or i.n. instillations. For Influenza experiments, mice were infected i.n. with 103 TCID50 
H3N2 Influenza strain X31 virus in a total volume of 50 µl PBS. All experimental procedures were in accordance 
with institutional guidelines for animal care of the VIB site Ghent – Ghent University, Faculty of Sciences and 
were approved under accreditation n° EC2013-035 and EC2015-016.
Tissue sampling and processing. Mice were sacrificed at time points indicated by intraperitoneal (i.p.) 
injection of sodium pentobarbital. To detect PVM-specific antibodies in the serum, blood was collected in a 
regular Eppendorf tube, centrifuged at 500 xg for 10 min at room temperature (RT) and the supernatant was 
stored at −20 °C. Bronchoalveolar lavage (BAL) fluid was collected by three subsequent injections of 1 ml PBS 
containing 1 mM EDTA via a tracheal catheter. Before isolation, lungs were perfused with 10 ml PBS through 
the right heart ventricle. The lungs were then mechanically disrupted by GentleMACS dissociation (Miltenyi 
Biotec) (Lung program 01_01) in RPMI 1640 (Gibco) containing 20 µg/ml Liberase and 10 U/ml Dnase (Roche), 
followed by digestion for 30 min at 37 °C and final GentleMacs homogenization (Lung program 02_01). Next, 
the cell suspension was passed through a 100 µm filter and red blood cells were lysed using ammonium chloride 
lysis buffer (10 mM KHCO3, 155 mM NH4Cl, 0,1 mM EDTA in MilliQ water). For RNA isolation, the lower 
left lung lobe was collected in 1 ml TriPure (Roche) and stored at −80 °C. The mediastinal lymph node (MLN) 
was sterile-smashed over a 70 µm filter in PBS and collected in a final volume of 250 µl PBS. Cell counts were 
performed either manually by microscopy using trypan blue and a Bürker Türk counting chamber (Marienfeld, 
Germany) or automatically by adding 20.000 BD Calibrite beads (BD Biosciences) to the cell pellet and subse-
quent flow cytometry analysis.
Epitope prediction and peptides. MHCII binding predictions were performed on 9/25/2013 using 
the IEDB analysis resource Consensus tool41, 42. The amino acid sequences of all 12 PVM J3666 viral pro-
teins (Genbank RefSeq accession numbers YP_173324.1-YP_173335.1)31 were screened for predicted 
epitopes in the H2-IAb alleles using the default IEDB recommended prediction method. For every PVM pro-
tein, the 2 highest-ranked non-overlapping peptides were selected and synthesized. A summary of the 24 
selected epitopes and their sequences is provided in Table 1. In addition to the predicted peptides shown in 
Table 1, the following peptides were used: M33–43, TVWIPMFQTSL; M37–47, PMFQTSLPKNS; Derp1128–149, 
GCGSCWAFSGVAATESAYLAYR27; N339–347, GAPRNRELF20. The M33–43 and M37–47 overlapping epitopes within 
the M33–47 peptide sequence were predicted using another IAb peptide algorithm28. All peptides were synthesized 
by GenScript (Piscataway, USA), using standard chemical peptide synthesis service. The purity varied between 
75% and 90%, however, for the M33–43, M37–47 and M33–47 peptides it was around 90%. M33–43 was dissolved in 10% 
DMSO, whereas M37–47 and M33–47 were dissolved into ultrapure water.
Cell culture reagents and restimulation. For peptide restimulation experiments, BAL and lung 
single-cell suspensions (day 14 post-infection) were resuspended in sterile tissue culture medium (TCM) sup-
plemented with 5,7% FCS (Bodinco), 1.1 mg/ml β-Mercaptoethanol (Sigma), 56 μg/ml Gentamicin (Gibco) 
and 1% L-Glutamine (Gibco). To assess intracellular IFNγ production, 4 × 105 BAL and 2 × 106 lung cells were 
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restimulated for 6 h at 37 °C in 100 µl TCM containing 10 µg/ml peptide and 0.07% Golgistop (BD Pharmingen) 
in round-bottom 96-well plates. For control conditions, 10 µg/ml Derp1128–149 peptide or 2 µg/ml N339–347 peptide 
were added. Three biological replicates were performed, for which 10 mice per replicate were pooled to obtain 
sufficient cell numbers.
Flow cytometry. Fluorochrome-conjugated antibodies were purchased from eBioscience (Temse, Belgium) 
[anti-CD8 eFluor450 (53-6.7), anti-CD45 APC (30-F11), anti-CD3 PE (145-2C11) and AF700 (17A2), anti-CD44 
PeCy7 (IM7), anti-IFNγ PeCy7 (XMG1.2)]; BD Biosciences (Erembodegem, Belgium) [anti-CD4 BV605 (RM4-
5) and anti-TNFα FITC (MP6-XT22)]; Tonbo Biosciences (San Diego, California) [anti-CD44 Redfluor710 
(IM7)]. Viable cells were discriminated by the use of Fixable Viability dye eFluor780 (eBioscience). Cell sur-
face markers were stained for 20 min at 4 °C. For peptide restimulation experiments, extracellular staining was 
followed by fixation and permeabilization using the CytoFix/CytoPerm solution and Perm/Wash buffer (BD 
Biosciences) according to the manufacturer’s protocol and intracellular IFNγ and TNFα staining was performed 
for 30 min at 4 °C. PE-conjugated MHCI-N339–347 (GAPRNRELF) and MHCI-NP366–374 (ASNENMETM) tetram-
ers were purchased from Sanquin (Amsterdam, The Netherlands). PE-labeled MHCII-M37–47 (PMFQTSLPKNS) 
tetramers were generated as described previously43. For tetramer staining, cells were incubated with MHCI (1:15 
dilution) or MHCII (10 nM) tetramer for 1 h at RT and then stained for surface markers for 20 min at 4 °C. Cells 
were acquired on a Fortessa cytometer equipped with FACSDiva software (BD Biosciences). Final analysis and 
graphical output were performed using FlowJo software (LLC, Ashland, OR).
Viral load and PVM-specific ELISA. For viral load quantification by qRT-PCR, lungs were frozen lungs in 
TriPure, thawed and subsequently homogenized using the Tissuelyser II (Qiagen, Hilden, Germany). Total lung 
RNA was purified using TriPure isolation reagent (Roche Diagnostics) and converted to cDNA (iScript Advanced 
cDNA synthesis kit; Bio-Rad Laboratories), according to the manufacturer’s instructions. Quantification 
of PVM virus SH gene RNA and the L27 housekeeping gene was performed using the Maxima Probe qPCR 
Master Mix (Fermentas), hydrolysis probes (Universal probe library, Roche) and primers (IBD)44. Primer and 
probe sets were as follows: L27 set, Universal probe library #3, Fw primer TGAAAGGTTAGCGGAAGTGC, 
Rev primer CATGAACTTGCCCATCTCG; PVMSH set, Universal probe library #66, Fw primer 
CACCAGATCACCCTCGAGAT, Rev primer GGGCTGGTGTAGTGTATGTGC, and results were also vali-
dated using a second PVMSH set, Universal probe library #22, Fw primer AATGCACAGTTCATCCCAATC, 
Rev primer TTACCCGGCAGACCAGTTAC. Reactions were performed in a LightCycler 480 (Roche) at 95 °C 
for 10 min, 45 cycles of 95 °C for 10 s, 60 °C for 30 s, 72 °C for 1 min and a final cycle of 40 °C for 30 s. Data were 
analyzed using the qBase software (Biogazelle, Belgium) and PVMSH expression levels were normalized to L27. 
PVM-specific IgG were measured in serum using the SMART M12 kit (Biotech Trading Partners, Encinitas, 
California), following the manufacturer’s instructions. Read-out was performed by spectrophotometry and data 
are represented as the absorbance index relative to a positive control.
Statistical analysis. All experiments were performed using three to five animals per group, unless men-
tioned otherwise. Statistical analyses were performed using the two-tailed Student’s t test for unpaired data 
(with Welch correction assuming unequal variances) or one-way ANOVA (with Dunnett correction for mul-
tiple comparisons), making use of Prism version 7.01 (GraphPad Software, La Jolla, CA). Error bars represent 
standard error of the mean (SEM). Levels of significance are expressed as p-values (ns, not significant; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001).
Data availability. All data generated or analysed during this study are included in the published article (or 
its Supplementary files).
References
 1. Afonso, C. L. et al. Taxonomy of the order Mononegavirales: update 2016. Arch. Virol. 161, 2351–2360 (2016).
 2. Easton, A. J., Domachowske, J. B. & Rosenberg, H. F. Animal Pneumoviruses: Molecular Genetics and Pathogenesis. Clin. Microbiol. 
Rev. 17, 390–412 (2004).
 3. Stark, J. M. et al. Genetic susceptibility to respiratory syncytial virus infection in inbred mice. J. Med. Virol. 67, 92–100 (2002).
 4. Bem, R. A., Domachowske, J. B. & Rosenberg, H. F. Animal models of human respiratory syncytial virus disease. Am. J. Physiol. Lung 
Cell. Mol. Physiol. 301, L148–56 (2011).
 5. Anh, D. B. T. Differential resistance/susceptibility patterns to pneumovirus infection among inbred mouse strains. AJP Lung Cell. 
Mol. Physiol. 291, L426–L435 (2006).
 6. Domachowske, J. B., Bonville, C. A. & Rosenberg, H. F. Animal Models for Studying Respiratory Syncytial Virus Infection and Its 
Long Term Effects on Lung Function. Pediatr. Infect. Dis. J. 23, S228–S234 (2004).
 7. Krempl, C. D., Lamirande, E. W. & Collins, P. L. Complete Sequence of the RNA Genome of Pneumonia Virus of Mice (PVM). Virus 
Genes 30, 237–248 (2005).
 8. Graham, B. S., Bunton, L. A., Wright, P. F. & Karzon, D. T. Role of T lymphocyte subsets in the pathogenesis of primary infection and 
rechallenge with respiratory syncytial virus in mice. J. Clin. Invest. 88, 1026–1033 (1991).
 9. Ostler, T., Davidson, W. & Ehl, S. Virus clearance and immunopathology by CD8 + T cells during infection with respiratory 
syncytial virus are mediated by IFN-γ. Eur. J. Immunol. 32, 2117 (2002).
 10. Olson, M. R. & Varga, S. M. CD8 T cells inhibit respiratory syncytial virus (RSV) vaccine-enhanced disease. J. Immunol. 179, 
5415–24 (2007).
 11. Collins, P. L. & Graham, B. S. Viral and Host Factors in Human Respiratory Syncytial Virus Pathogenesis. J. Virol. 82, 2040–2055 
(2008).
 12. Waris, M. E., Tsou, C., Erdman, D. D., Zaki, S. R. & Anderson, L. J. Respiratory synctial virus infection in BALB/c mice previously 
immunized with formalin-inactivated virus induces enhanced pulmonary inflammatory response with a predominant Th2-like 
cytokine pattern. J. Virol. 70, 2852–60 (1996).
 13. Frey, S., Krempl, C. D., Schmitt-Graff, A. & Ehl, S. Role of T cells in virus control and disease after infection with pneumonia virus 
of mice. J. Virol. 82, 11619–11627 (2008).
www.nature.com/scientificreports/
9Scientific RepoRts | 7: 3472  | DOI:10.1038/s41598-017-03042-y
 14. Spolski, R. et al. IL-21 Promotes the Pathologic Immune Response to Pneumovirus Infection. J. Immunol. 188, 1924–1932 (2012).
 15. Claassen, E. A. W. et al. Identification of a CD4 T cell epitope in the pneumonia virus of mice glycoprotein and characterization of 
its role in protective immunity. Virology 368, 17–25 (2007).
 16. van Helden, M. J. G. et al. Pre-existing virus-specific CD8 + T-cells provide protection against pneumovirus-induced disease in 
mice. Vaccine 30, 6382–6388 (2012).
 17. Claassen, E. A. W. et al. Activation and inactivation of antiviral CD8 T cell responses during murine pneumovirus infection. J. 
Immunol. 175, 6597–604 (2005).
 18. Tripp, R. a. et al. CD4+ T Cell Frequencies and Th1/Th2 Cytokine Patterns Expressed in the Acute and Memory Response to 
Respiratory Syncytial Virus I-Ed-Restricted Peptides. Cell. Immunol. 207, 59–71 (2001).
 19. Kulkarni, A. B. et al. Cytotoxic T cells specific for a single peptide on the M2 protein of respiratory syncytial virus are the sole 
mediators of resistance induced by immunization with M2 encoded by a recombinant vaccinia virus. J. Virol. 69, 1261–4 (1995).
 20. Walsh, K. B. et al. CD8+ T-Cell Epitope Mapping for Pneumonia Virus of Mice in H-2b Mice. J. Virol. 87, 9949–9952 (2013).
 21. Rosenberg, H. F. & Domachowske, J. B. Pneumonia virus of mice: severe respiratory infection in a natural host. Immunol. Lett. 118, 
6–12 (2008).
 22. Krempl, C. D. & Collins, P. L. Reevaluation of the Virulence of Prototypic Strain 15 of Pneumonia Virus of Mice. J. Virol. 78, 
13362–13365 (2004).
 23. Cook, P. M., Eglin, R. P. & Easton, A. J. Pathogenesis of pneumovirus infections in mice: detection of pneumonia virus of mice and 
human respiratory syncytial virus mRNA in lungs of infected mice by in situ hybridization. J. Gen. Virol. 79, 2411–2417 (1998).
 24. Baaten, B. J. G., Tinoco, R., Chen, A. T. & Bradley, L. M. Regulation of Antigen-Experienced T Cells: Lessons from the Quintessential 
Memory Marker CD44. Front. Immunol. 3, 1–12 (2012).
 25. Vita, R. et al. The Immune Epitope Database 2.0. Nucleic Acids Res. 38, D854–D862 (2010).
 26. Zhang, Q. et al. Immune epitope database analysis resource (IEDB-AR). Nucleic Acids Res. 36, W513–W518 (2008).
 27. Plantinga, M. et al. Conventional and Monocyte-Derived CD11b+ Dendritic Cells Initiate and Maintain T Helper 2 Cell-Mediated 
Immunity to House Dust Mite Allergen. Immunity 38, 322–335 (2013).
 28. Lee, S.-J. et al. Temporal Expression of Bacterial Proteins Instructs Host CD4 T Cell Expansion and Th17 Development. PLoS 
Pathog. 8, e1002499 (2012).
 29. Neyt, K., GeurtsvanKessel, C. H. & Lambrecht, B. N. Double-negative T resident memory cells of the lung react to influenza virus 
infection via CD11c(hi) dendritic cells. Mucosal Immunol. 9, 999–1014 (2016).
 30. Flynn, K. J. et al. Virus-Specific CD8+ T Cells in Primary and Secondary Influenza Pneumonia. Immunity 8, 683–691 (1998).
 31. Thorpe, L. C. Genome sequence of the non-pathogenic strain 15 of pneumonia virus of mice and comparison with the genome of 
the pathogenic strain J3666. J. Gen. Virol. 86, 159–169 (2005).
 32. Liu, J., Ruckwardt, T. J., Chen, M., Johnson, T. R. & Graham, B. S. Characterization of Respiratory Syncytial Virus M- and M2-
Specific CD4 T Cells in a Murine Model. J. Virol. 83, 4934–4941 (2009).
 33. Srikiatkhachorn, a, Chang, W. & Braciale, T. J. Induction of Th-1 and Th-2 responses by respiratory syncytial virus attachment 
glycoprotein is epitope and major histocompatibility complex independent. J. Virol. 73, 6590–7 (1999).
 34. Hancock, G. E. et al. Immune responses to the nonglycosylated ectodomain of respiratory syncytial virus attachment glycoprotein 
mediate pulmonary eosinophilia in inbred strains of mice with different MHC haplotypes. J. Med. Virol. 70, 301–308 (2003).
 35. Anderson, R., Huang, Y. & Langley, J. M. Prospects for defined epitope vaccines for respiratory syncytial virus. Future Microbiol. 5, 
585–602 (2010).
 36. Wherry, E. J. & Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 15, 486–499 (2015).
 37. Chang, J. & Braciale, T. J. Respiratory syncytial virus infection suppresses lung CD8+ T-cell effector activity and peripheral CD8+ 
T-cell memory in the respiratory tract. Nat. Med. 8, 54–60 (2002).
 38. Lukens, M. V. et al. Characterization of the CD8+ T cell responses directed against respiratory syncytial virus during primary and 
secondary infection in C57BL/6 mice. Virology 352, 157–168 (2006).
 39. Gray, P. M., Arimilli, S., Palmer, E. M., Parks, G. D. & Alexander-Miller, M. A. Altered Function in CD8+ T Cells following 
Paramyxovirus Infection of the Respiratory Tract. J. Virol. 79, 3339–3349 (2005).
 40. Sinigaglia, F. & Hammer, J. Defining rules for the peptide-MHC class II interaction. Curr. Opin. Immunol. 6, 52–56 (1994).
 41. Wang, P. et al. A Systematic Assessment of MHC Class II Peptide Binding Predictions and Evaluation of a Consensus Approach. 
PLoS Comput. Biol. 4, e1000048 (2008).
 42. Wang, P. et al. Peptide binding predictions for HLA DR, DP and DQ molecules. BMC Bioinformatics 11, 568 (2010).
 43. Moon, J. J. et al. Naive CD4(+) T cell frequency varies for different epitopes and predicts repertoire diversity and response 
magnitude. Immunity 27, 203–13 (2007).
 44. Garvey, T. L. et al. Inflammatory responses to pneumovirus infection in IFN-alpha beta R gene-deleted mice. J. Immunol. 175, 
4735–44 (2005).
Acknowledgements
The B.N. Lambrecht laboratory is supported by an ERC Consolidator grant (41D04510W). B.N.L. and S.J. are 
recipient of a UGent MRP grant (Group-ID; 01MRPA310W) and several FWO project grants (G064915N and 
G085915N). B.N. Lambrecht and M.J. van Helden are funded by the Interuniversity Attraction Poles (IUAP-
VII/03) and J.M. is supported by the NIH U19AI095261. C.B. is supported by a grant from FWO Flanders 
(1138017 N) and L.V. is recipient of an IWT fellowship (111581). We thank Prof. Xavier Saelens and Dr. Bert 
Schepens for logistic support and helpful discussions.
Author Contributions
L.V., C.B., B.N.L. and M.J.V.H. designed the research; L.V., C.B., M.V.H., G.V.I. and M.J.V.H. performed the 
experiments. L.V., C.B. and M.J.V.H. analyzed the results; A.E. and J.M. provided critical reagents for the study. 
S.J., B.N.L. and M.J.V.H. carried out scientific supervision. L.V., C.B. and M.J.V.H. wrote the manuscript. All 
authors read and approved the final manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03042-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
www.nature.com/scientificreports/
1 0Scientific RepoRts | 7: 3472  | DOI:10.1038/s41598-017-03042-y
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
